A hollow-core photonic crystal fibre (HC-PCF), guided by photonic bandgap effects or anti-resonant reflection, offers strong light confinement and long photochemical interaction lengths in a microscale channel filled with a solvent of refractive index lower than that of glass (usually fused silica). These unique advantages have motivated its recent use as a highly efficient and versatile microreactor for liquid-phase photochemistry and catalysis. In this work, we use a single-ring HC-PCF made from a high-index soft glass, thus enabling photochemical experiments in higher index solvents. The optimized light-matter interaction in the fibre is used to strongly enhance the reaction rate in a proof-of-principle photolysis reaction in toluene.
Introduction
Photochemistry-the study of light-driven chemical reactions -plays an important role in nature, e.g., in photosynthesis and, at the same time, has found a wide range of applications in industry, technology, and medicine. 1 Typically, high pump intensities are required to initiate and enhance photochemical reactions. We have recently shown that hollow-core photonic crystal fibres (HC-PCFs) can act as highly efficient microreactors for such studies. 2, 3 HC-PCF consists of a central hollowcore of diameter ∼20 µm, surrounded by a cladding formed by an array of hollow channels running along the entire length of the fibre. 4 Light is confined to the central hollow core either by a photonic bandgap 4 or by anti-resonant reflection (ARR) in fibres with kagomé-style 5 or single-ring [6] [7] [8] [9] [10] cladding structures.
The use of single-ring ARR structures significantly reduces fabrication difficulties. In such fibres the central hollow core is surrounded by a ring of capillaries with a wall thickness from several hundred nm to a few μm. These capillaries act as offresonance Fabry-Pérot (FP) resonators that frustrate leakage of light from the core, resulting in low loss-guidance. 6 Note that narrow high loss-bands appear at wavelengths where the core mode phase-matches the resonances in the thin glass walls, resulting in minima in fibre transmission. By appropriate design these resonances can be engineered to lie far away from the experimental wavelengths. Recent studies have shown that, by careful design, higher order modes can be strongly suppressed in single-ring ARR HC-PCFs by a phase-matched coupling between higher-order core modes and leaky resonances in the surrounding capillaries. [8] [9] [10] [11] An important feature of HC-PCF is that its excellent guidance properties are preserved even when both core and cladding channels are filled with liquid, provided that the liquid index n L is less than the index of the glass n G . 12, 13 The use of a liquid-filled ARR HC-PCF for photochemical experiments therefore effectively enables single-mode light guidance over meter-long path lengths, allowing a much higher sensitivity than in the case of conventional cuvette-based methods.
14 Importantly, the sample volume in the resulting optofluidic microreactors can be as small as a few nL per cm interaction length, while strong optical confinement in the core maximizes its interaction with the sample. 2 Finally, liquid and gaseous samples can be easily introduced into the hollow channels without the cumbersome post-processing techniques typically needed in conventional fibre-based chemical sensors. 15 These unique features have motivated the use of various types of PCF as chemical sensors 16 and, more recently, as efficient microreactors for photochemistry and catalysis. 3, 17 To date, these experiments have only been performed in fused silica HC-PCFs, 3 which limits the choice of solvent to liquids with a refractive index less than that of silica (n G = at 600 nm), if the benefits of single-mode guidance are to be preserved. This is because the guidance mechanism switches to total internal reflection (TIR) for n L > n G , resulting in an increasingly multi-mode operation as n L rises, making accurate spectroscopic measurements very difficult. In this paper we overcome the refractive index limitation of fused silica by using a single-ring ARR HC-PCF made from a leadsilicate glass (Schott SF6) with index n G = 1.80 at 600 nm. The fibre was fabricated using an improved "stack-and-draw" technique. 18 The wavelength shift in the transmission spectrum of the fibre upon filling with a high-index solvent such as toluene (index n L = 1.49 at 600 nm) is measured. In a proof-of-principle experiment, we use this fibre to demonstrate the photochemical conversion of an organometallic complex in toluene.
Methods and experimental
Fabrication of soft-glass single-ring hollow-core PCFs
Currently, single-ring ARR HC-PCFs are mainly made from fused silica glass. [6] [7] [8] [9] [10] The use of high-index soft glasses as fibre materials for PCFs is much more challenging because of a much faster change in viscosity with temperature as well as glass devitrification during heating. Consequently, the drawing conditions must be precisely controlled within a narrow temperature range (±5 to ±25°C) 18-20 -much narrower than for fused silica (±150°C)-and often an inert atmosphere is necessary. Reports of HC-PCFs being fabricated from leadsilicate and chalcogenide glasses can only be found in recent papers. 18, 20 Using improved fabrication procedures, we drew single-ring ARR HC-PCFs from soft-glass for this study. In contrast to the kagomé HC-PCFs used in previous photochemistry experiments, 2 the simpler single-ring structure significantly reduces the sample infiltration time, due to the wider hollow channels in the cladding ring. The Schott SF6 lead-silicate glass used has a drawing temperature of ∼610 ± 10°C, corresponding to a glass viscosity ranging from 10 5.5 to 10 5.9 Pa s. The stacking procedure is depicted in Fig. 1 . Eight capillaries of diameter 670 μm were drawn ( Fig. 1 , left), stacked in a full circle ( Fig. 1 , middle) and inserted together into a jacket tube ( Fig. 1, right) . The stack was supported by a central tube/rod inserted at each end, and the structure was drawn down to a cane with sub-mm scale features. In the final fibre drawing step, the pressures in the core and surrounding small capillary holes were independently controlled so as to produce the desired structure. The drawn fibre has a core of diameter 25 μm (Fig. 2a ) surrounded by capillaries with wall thickness ∼1.2 μm (Fig. 2b) .
Fibre characterization
The transmission spectrum of the single-ring ARR HC-PCF was recorded using an optical spectrum analyser (Yokogawa AQ6315E), and a home-built, silica PCF-based supercontinuum (SC) source, emitting from 500 to 1900 nm. For the photochemical experiments, a compact 405 nm laser diode (LD) was used both as the excitation source and probe (Thorlabs, LDM405, 0.5 mW emitted power). A power meter was used to monitor changes in the absorption. By spatially filtering the laser diode output using an endlessly single-mode PCF with core diameter 8 μm, launch efficiencies of typically 30% into the single-ring HC-PCF could be achieved. The transmission spectrum of an air-filled 25 cm-long ARR HC-PCF is shown in Fig. 3a (solid blue curve) . Undistorted single-lobed fundamental modes were observed for each transmission window (Fig. 3b) . The wavelengths of minimum transmission correspond to resonances in the glass membranes in the cladding, following the relationship:
where n 01 is the index of the LP 01 -like core mode, d is the thickness of the glass membranes surrounding the core and m is the order of resonance. The observed transmission dips (solid blue curve in Fig. 3a ) are in reasonable agreement with the resonant wavelengths calculated using eqn (1), which coincide with the loss peaks (dashed red curve) calculated for a hollow-core capillary with the same core diameter and a wall thickness equal to that of the membranes in the drawn fibre. The presence of the thick silica sheath will tend to pull the wall indices to higher values which, together with higher-order modes that create field lobes parallel to the membranes, will broaden and shift the resonant peaks to longer wavelengths, as seen in Fig. 3 . Fig. 1 Schematic illustration of the stacking procedure used to form the single-ring HC-PCF structure. More details on the "stack-and-draw" technique can be found in previous publications. Next, all the hollow channels were filled with toluene (n L = 1.49), resulting in a blue-shift of the spectral features (dashed black curve), as predicted by eqn (1). Due to the higher index of the Schott SF6 glass, broadband single-mode guidance could be achieved for both air and toluene ( Fig. 3b and c) , making this simplified soft-glass single-ring ARR HC-PCF an excellent candidate for photochemical reactions in higher-index liquids.
Photochemical microreactor
The set-up used for photochemical experiments is shown in Fig. 4a , and closely resembles previous experiments. 2, 3 The ends of the soft-glass ARR HC-PCF were placed into two custom-built liquid cells (Fig. 4b ) and microscope objectives were used to free-space couple light into and out of the fibre. A beam-splitter was used to reflect a small fraction of the light transmitted through the HC-PCF onto a camera, so as to measure the intensity profile of the guided mode ( Fig. 4b and c) . The remaining light was measured by using a detector. The liquid sample was delivered via a syringe pump (KD Scientific, KDS 410) containing the reactant dissolved in toluene. Note that the fibre used in the photochemical experiment is similar to the one shown in Fig. 1 , but with glass membranes roughly half as thick (∼600 nm) for better transmission properties in the UV. A scanning electron micrograph (SEM) of the structure is shown in Fig. 4c . The result was a much better guidance at 405 nm in the toluene-filled fibre. The transmission loss of the fibre when filled with pure toluene was 38 dB m −1 at 405 nm, caused predominantly by confinement and scattering losses in toluene but also by absorption losses. The overall insertion and transmission loss was 13 dB along the 35 cm-long ARR HC-PCF.
Principle
The reaction used for proof-of-principle was a light-induced intermolecular C-H bond activation of the organometallic complex (HBPz′ 3 )Rh(CO) 2 (Pz′ = 3,5-dimethylpyrazolyl) dissolved in toluene. 21 As demonstrated in ref. 21 the absorption spectrum of the un-irradiated (HBPz′ 3 )Rh(CO) 2 complex features a broad absorption peak that is centred around the excitation wavelength λ ex = 356 nm, with a peak molar absorptivity of 2100 M −1 cm −1 . While these data were measured in n-pentane, the absorption features in this range are attributed to the ligand field states and are therefore expected to exhibit negligible solvent sensitivity. 21 Upon irradiation with visible light, the following CO dissociation reaction takes place:
The absorbance peak at λ ex = 356 nm is not present in the right-hand photoproduct, resulting in a light-induced decrease in Fig. 3 (a) Normalized transmission in air-filled (solid blue) and toluenefilled (dashed black) soft-glass single-ring ARR HC-PCFs. The loss spectrum for an air-filled fibre (dashed red) is calculated analytically, assuming a capillary waveguide with the same core diameter and wall thickness. Note that the low-loss windows (red) are consistent with the measured high-transmission bands (blue). The peaks at ∼1.064 μm in the measured transmission spectra are from the pump laser of the supercontinuum source. absorbance. The reaction is characterized by a low quantum yield, i.e., the number of dissociation events per photon absorbed is very low (ϕ ∼ 0.0073 at 458 nm (ref. 21)) in the visible wavelength range. This reaction will therefore strongly benefit from the enhanced light-matter interaction in the ARR HC-PCF. Experimentally, a 35 cm-long length of the ARR HC-PCF was filled with a 10 µm solution of (HBPz′ 3 )Rh(CO) 2 in toluene. The total sample volume was less than 175 nL, representing a 10 000-fold reduction compared to a 1 cm cuvettebased measurement. At the same time, the 35 times longer path length in the fibre results in a higher detection sensitivity. The reaction was driven by pumping the shoulder of the 356 nm absorption band with a diode laser running at λ ex = 405 nm. The molar absorptivity of the un-irradiated compound at this wavelength was measured to be ∼1000 M −1 cm −1 using a conventional UV-Vis spectrometer (Shimadzu UV-300). The excitation powers used in the experiment were between 5 and 30 µW (before launching into the fibre). The measured coupling efficiency for each experiment is shown in Table 1 , with typical values around 30%. The reaction was monitored by measuring the power in the transmitted excitation light with a photodiode.
Results and discussion
The resulting relative absorbance decay (with A(t ) the absorbance at time t and A(0) the initial absorbance) for different input powers is plotted in Fig. 5 (data-points). As expected, a clear decrease in absorption was observed over time, the reaction rate depending on the excitation power. As a reference, the photolysis experiment was also performed in a 1 cm quartz cuvette containing 3 ml volume with C = 100 μM. The cuvette was irradiated with 420 μW of blue light using the same diode laser. Remarkably, despite almost a two orders of magnitude higher input power in the cuvette, the reaction took more than 8 hours to complete (asterisks in Fig. 5 ), highlighting the enhanced light-matter interaction provided by the ARR HC-PCF. The measured reaction dynamics were compared to a mathematical model of the system, in which the quantum yield ϕ was treated as a single, freely adjustable parameter. The model takes into account the loss-induced 13 dB intensity drop along the fibre, which results in a position-dependent reaction rate. A more detailed description of the model is available elsewhere, 2 where it was applied to aqueous photolysis experiments in silica-glass HC-PCFs. The quantum yield was fitted for each experiment, and the curves obtained are in good agreement with the data (Fig. 5) . The values obtained for ϕ lie between 0.003 and 0.005, in close agreement with published data 21 at nearby excitation wavelengths (Table 1) .
Conclusions
In summary, a single-ring ARR HC-PCF made from a highindex glass allows the single-mode guidance of light in highindex liquids, permitting well-controlled studies of photochemical reactions in high-index solvents. The much enhanced light intensity in the hollow fibre core of a single-ring ARR HC-PCF microreactor (compared to cuvettes) greatly accelerates the photochemical processes, making it possible to monitor chemical reactions with very small quantum yields, such as the photolysis of organometallic complexes in toluene. The results open up a wide range of possibilities for studying photochemical reactions in sub-µL samples in high-index organic solvents. Table 1 ). 
